The electronic structure of isoelectronic defects, donors and acceptors is calculated within a full superlattice picture for InAs/GaSb and InAs/GaInSb superlattices. The wavefunctions associated with these states extend beyond a typical layer width for the superlattices. Thus band alignments between the layers as well as interface properties are predicted to dramatically change these defects' binding energy as well as their influence on superlattice electronic, optical and transport properties. Defect properties are also substantially modified by their location within a superlattice layer.
INTRODUCTION
The large band offsets of constituent materials (InAs, GaSb, AlSb, and alloys) in type-II strained-layer superlattices (T2SL) offer novel opportunities for design of superlattice electronic structure and material properties.
1, 2
The key final states for nonradiative carrier recombination processes lie one band gap above the conduction minimum (for electron Auger) and one band gap below the valence maximum (for hole Auger) near the Brillouin zone center. As those offsets exceed three times the band gap in the mid-wavelength infrared (MWIR), the final states for nonradiative processes in both the conduction and valence manifold can be modified to increase carrier lifetimes. In the long-wavelength infrared (LWIR), the smaller band gap provides sufficient flexibility to entirely eliminate the final states at those energies for a broad range of crystal momenta, leading to calculated 1 carrier lifetimes many orders of magnitude longer than in bulk alloys. This elimination is achieved by splitting the first (V1) and second (V2) valence subbands by an energy much greater than the T2SL bandgap. The V1-V2 splitting can be traced back to the large band offsets of the T2SL constituent materials. Experimental measurements have supported the reliability of Auger calculations which predict a reduction in the Auger rate from electronic structure engineering of T2SLs.
3-5
The long carrier lifetimes possible in T2SLs imply that intrinsically-limited T2SL detectors should outperform MCT detectors. 6 The performance of T2SL and MCT detectors can be compared via the normalized dark current, or the dark current per unit of absorption 7 eG th = e n min ατ min (1) where e is the charge of the electron, G th is the normalized thermal generation rate, n min is the minority carrier density, α is the absorption coefficient, and τ min is the minority carrier lifetime. Results are shown in Fig. 1 for an 11 micron cutoff wavelength superlattice, indicating that the T2SL should operate at 30K higher temperature with the same normalized dark current if the SRH lifetime is much longer than the intrinsic Auger lifetime. Improvements may still be possible by changing the doping level from the 10 15 cm −3 level.
The calculations shown in Fig. 1 for these superlattices use a fourteen-band K · p envelope-function theory 8 that has been used for accurate calculations of carrier lifetimes in a variety of narrow-gap materials. 5 To simplify the calculations α = 1000 cm −1 is assumed for both the T2SLs and for MCT. The minority carrier density for the T2SLs is calculated from the superlattice electronic structure for a p-type region with doping 10 15 cm −3 . The minority carrier density for MCT is computed 9 for a doping of 10 15 cm −3 . The minority carrier lifetime for the T2SLs is computed from the superlattice electronic structure and includes the radiative lifetime 10 and the hole-hole (Auger-7) lifetime for the superlattice. 5 The minority carrier lifetime for MCT is computed by adding
Further author information: E-mail: michael flatte@mailaps.org the radiative time 11 to the Auger-7 time for p-type material with γ = 60 or the Auger-1 time for n-type material, both with |F 1 F 2 | = 0.2, as described by Blakemore.
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Published results on superlattice devices, however, show shorter minority carrier lifetimes than theoretical limits. [13] [14] [15] It has been suggested, 6 on the basis of recent atomic-scale theory and measurements of InAs defect levels, 16 that shallow acceptors and deep levels would behave differently in superlattice structures from bulk InAs. The calculations in Fig. 1 show that the normalized dark current in T2SLs, at relevant temperatures and carrier densities of interest, is dominated by the SRH lifetime. Electronic structure calculations that have been performed to optimize the superlattice detector performance by band structure engineering do not consider the defects and how they may modify the behavior of the superlattices. There may be certain superlattice compositions or layer thicknesses that reduce the overall effect of defects on the SRH lifetime, or on the tunneling current through defects. Optimization of superlattices based on these considerations requires a detailed understanding of the nature of the defects in T2SLs, both through experimental measurements and theoretical calculations. 
M C T T 2 S L ( m ic r o s e c S R H li f e t im e s )
w it h p h o to n re cy cl in g LWIR T2SL will operate at 30K higher temperature with same dark current 11 micron cutoff wavelength Recent experiments have shown that shallow acceptors in InAs can be directly imaged in cross-sectional STM, and that the acceptor wavefunctions are highly anisotropic and distort in the presence of strain. Fig. 2 shows cross-sectional scanning tunneling microscopy images 16 at 4K of InAs intentionally doped with Mn acceptors. Mn is a substitutional acceptor in InAs with a binding energy of 28 meV, which makes it nearly shallow (the shallow acceptor binding energy is 17 meV). Also shown on the right of Fig. 2 is, on the same scale, a crosssectional STM image of an InAs/GaSb superlattice with layer widths corresponding to an ∼ 11 micron cutoff wavelength. 17 The images have been rotated so they share the same orientation and sized so they are on the same scale. The light gray lines extending across the figure show the width of the InAs layer and permit direct comparison 6 with the spatial extent of the acceptor wave function in InAs. The acceptor wave function is clearly big enough to span the InAs layer width. It is not known at this time what role acceptors (or other defects that place a state within the gap) play in the Shockley-Read-Hall (SRH) minority-carrier lifetimes in T2SLs, although defect-assisted recombination usually is the dominant contribution to SRH lifetimes. 
whereǦ(ω) is the full matrix representation using all atomic orbitals at all lattice sites. The LDOS at each site R i is given by
where the tr α is taken with respect to the orbitals of the α atom, depending on which type of atom is actually located at the site R i .
Here we describe atomistic real-space envelope-function calculations of shallow acceptors and donors, in a three-dimensional eight-band formalism that accounts for inhomogeneous strain. We shall begin by describing the method of calculating the electronic structure of the T2SL in the presence of dopants, followed by results obtained. We find that the binding energy of dopants depends sensitively on the superlattice layer where they reside; donors in GaSb layers and acceptors in InAs layers in a T2SL have greatly reduced binding energies compared to the corresponding dopant in a bulk material corresponding to the T2SL layer, and also relative to the dopants in the other T2SL layers. The shifts in local superlattice material layers are sufficient to change from band-like transport at T ∼ 40K for holes to hopping transport. 
CALCULATION METHOD FOR DOPANTS IN T2SL
The technique used to calculate the electronic structure of the dopants is a three-dimensional eight-band realspace envelope-function approach originally developed 23 for strained semiconductor quantum dots. The calculation is performed on a cubic grid with periodic boundary conditions. First, the strain is calculated using linear continuum elasticity theory. The strain energy is computed using a finite differencing approximation, and then minimized using a conjugate gradient approach.
The electronic structure is obtained with a real-space envelope function approach using an eight-band Hamiltonian including strain. 24, 25 The parameters of the Hamiltonian 23 are obtained from Ref. 26 The energies and wave functions are calculated by replacing derivatives with finite differences on the same cubic grid as used for the strain calculation. The material parameters and strain thus vary from site to site. The resulting real-space Hamiltonian is a sparse matrix, which can be efficiently diagonalized using the Lanczos algorithm.
Shown below in Fig. 3 are the wave functions of acceptors in bulk GaSb (left) and bulk InAs (right), as would be visible at the cleavage surface of the material, corresponding to (110). As the valence band masses of the two materials are comparable, the Bohr radii of the acceptors are very similar. A slight difference is apparent in the anisotropy of the wave function at distances of ∼ 5 nm from the acceptor; the greater spin-orbit interaction in the valence band of GaSb produces a larger anisotropy in the wave function, closer to the "bow-tie" apparent in Fig. 2 . The wave functions of shallow donors, shown in Fig. 4 , in bulk GaSb (left) and bulk InAs(right), are much more symmetric. The slight asymmetry in the wave functions near the donor itself are slight artifacts of the grid (the grid spacing is 0.5 nm in all directions). Fig. 5 are the band-edge wave functions for a 4 nm InAs/2 nm GaSb T2SL. The band gap of the superlattice at T = 0K is calculated to be 12 μm. The conduction band-edge wave function is extended throughout the material, whereas the valence band-edge wave function is concentrated almost entirely in the GaSb layers. Now that the ability of the calculations to calculate for both T2SLs and bulk shallow dopants has been demonstrated, the properties of dopants in T2SLs will be explored. 
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ELECTRONIC PROPERTIES OF DOPANTS IN T2SL
Relative to the vacuum energy, the energy of an acceptor in GaSb and in InAs differ greatly, due to the more than half a volt offset between their valence bands. In a superlattice, even if the acceptor is located in the InAs region, the wave function of the shallow state will predominately reside in the GaSb regions. This effect is shown below for the same shallow acceptor, placed in two different locations in the InAs/GaSb T2SL shown in Fig. 5 . The acceptor is either placed in the center of the GaSb layer (Fig. 6, left) or in the center of the InAs layer (Fig. 6, right) . In both cases the wave function resides predominately in the GaSb regions. When the acceptor is placed in InAs the acceptor wave function is evenly split between the two GaSb layers on either side of the InAs layer containing the acceptor. The region of real space considered in the calculation contains three repeats of the superlattice unit cell in the growth direction, and the wave function of the acceptor shows no amplitude in the third GaSb layer considered (which lies an additional InAs layer away from the acceptor's atomic position). Thus the acceptor state is well-localized in the neighboring GaSb layers of the InAs layer containing the dopant.
A difference is also apparent in the binding energy for the acceptor. When placed in the center of the GaSb layer the binding energy is 17 meV, whereas in the center of the InAs layer the binding energy is only 7 meV. This is less than half the binding energy of an acceptor placed in bulk InAs (also 17 meV). Thus the acceptors are considerably more shallow when doped into the InAs layer of a T2SL, which should assist in reducing carrier freezeout at the relevant temperatures for detector operation. The situation is very different for donors acting on hole transport. Shown in Fig. 8 are the valence bandedge wave functions for the case of a shallow donor placed in the center of the GaSb layer or the InAs layer. The energy splittings between the superlattice hole states are substantial, as indicated by the complete lack of probability density in two of the GaSb layers for the ground-state hole wave function with a shallow donor. When the donor is placed in the center of the InAs layer the ground-state hole corresponds to one in the most distant GaSb well, and the region that is depleted of hole wave function in the other two layers is at least 30 nm laterally. The energy splitting over this lateral distance exceeds 5 meV. Thus at relevant temperatures for LWIR detector operation, corresponding to T ∼ 40K, a single donor per 30 nm laterally can completely destroy vertical hole mobility. The areal density corresponding to this is 10 11 cm −3 , or a volume density of ∼ 10 16 cm −3 in the superlattice. We expect that these differences in hole energies will cause the low-temperature hole transport to be dominated by hopping for these doping densities. Further studies to examine the doping densities where this effect can destroy the vertical hole mobility are underway. Further unusual features are apparent in the conduction band-edge wave functions for shallow donors, shown in Fig. 9 . Although the ground state wave functions for electrons do not become disconnected, as the hole wave functions become, the properties are very different. When the donor is placed in the center of the InAs layer the binding energy of the donor is similar to InAs bulk and the wave function is not too unusual. However, when the donor is placed in the center of the GaSb layer the bound state resides almost entirely in the InAs layers on either side. This is a similar phenomenon to the behavior of the bound state of a hole around an acceptor when the acceptor is placed in InAs, as shown above. The dramatic reduction in the bound state energy for the electron bound to the donor may also assist in reducing carrier freezeout of n-type carriers.
CONCLUSIONS
The ideal performance of T2SL detectors surpasses that of MCT, although the observed performance is less due to the SRH lifetime. Lengthening the SRH lifetime requires further knowledge of the properties of defect states in T2SLs. This initial exploration of the properties of shallow donors and acceptors in T2SL show that the ground-state binding energies of electrons and holes bound to donors and acceptors differ by over a factor of two depending on where the donors and acceptors are located in the superlattice unit cell. The energies of hole states also change dramatically depending on their proximity to donors, leading to the probable emergence of hopping transport for holes at low temperature. 
